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In 2008, the cassava mealybug, Phenacoccus manihoti (Homoptera: Pseudococcidae) was 
inadvertently introduced to Southeast (SE) Asia, where it inflicted severe damage on cassava and 
impacted countless farming families and rural agro-industries. The host-specific endophagous 
parasitoid Anagyrus lopezi (Hymenoptera: Encyrtidae) was imported into Thailand in 2009, yet 
nothing is known about the degree to which A. lopezi establishment, in-field colonization and 
impact on P. manihoti populations is shaped by local agro-landscape context. In this study, we 
contrasted temporal population fluctuations of P. manihoti, A. lopezi, and associated 
hyperparasitoids within low- and high-diversity landscapes in Tay Ninh (Vietnam). Across years 
and landscape types we found 24.8 ± 17.7% (mean ± SD) plants infected with P. manihoti and 
on average 5.6 ± 5.3 mealybugs per cassava tip. High parasitism levels were attained across both 
years, with season-long averages of 49.9-52.1% in either low- or high-diversity settings. 
Hyperparasitism levels were on average 2.8 ± 5.4%, and a total of three hyperparasitoid species 
were recorded. Cassava age was a significant predictor of P. manihoti incidence, abundance, 
parasitism rate and hyperparasitism rate. Landscape type significantly affected P. manihoti 
incidence and hyperparasitism rate (at particular ages), but not P. manihoti abundance or 
parasitism rate. At the scale of individual cassava tips and entire fields, A. lopezi expressed a 
strong density-dependent response to P. manihoti during the early season. This work constitutes 
the first, comprehensive assessment of A. lopezi establishment, parasitism rates, and parasitoid x 
host dynamics from a key cassava-growing region in SE Asia. Our study underlines how this 
exotic parasitic wasp effectively suppresses a globally-important insect pest in its newly invaded 
range, thus providing cost-free, environmentally-sound and lasting control across the developing-
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The cassava mealybug, Phenacoccus manihoti Matile-Ferrero (Homoptera: Pseudococcidae) is a 
prominent pest of cassava (Manihot esculenta Crantz; Euphorbiaceae) and one of the world’s 
most notorious invasive species. Endemic to the Paraguay River basin, P. manihoti was 
inadvertently introduced into Africa during the early 1970s and subsequently spread through the 
continent’s extensive cassava belt (Herren & Neuenschwander, 1991; Bellotti et al., 2012). 
Capable of inflicting yield losses up to 58-84% (Nwanze, 1982; Schulthess et al., 1991), P. 
manihoti devastated local cassava production and impacted food security for underprivileged 
rural populations across sub-Saharan Africa. In late 2008, this same pest was detected in 
Thailand, where it was reportedly causing root yield reductions up to 50% and economic losses 
over US $30 million nationally (Muniappan et al., 2009; TTTA 2011). By 2014, P. manihoti had 
spread extensively into neighboring countries and several Indonesian islands (Sartiami et al., 
2015; Graziosi et al., 2016). Climate-based niche modeling revealed that other key production 
areas in eastern Indonesia and the Philippines are also climatically suitable for P. manihoti 
(Yonow et al., 2017). As Southeast Asia houses a multi-billion dollar cassava industry and 
accounts for nearly 95% of the world’s cassava exports (Cramb et al., 2017), the (socio-
)economic impacts of this pest were projected to be exceptionally large.  
With the 1981 introduction of Anagyrus lopezi (De Santis) (Hymenoptera: Encyrtidae) in West 
Africa, a globally-acclaimed biological control program against P. manihoti was started 
(Neuenschwander et al., 2001). This solitary, host-specific parasitoid had earlier been collected 
in Paraguay and southern Brazil from small P. manihoti colonies on cassava (Lohr et al., 1990). 
Following its release in Nigeria, A. lopezi promptly established and suppressed P. manihoti 




1987). In less than three years following its release, A. lopezi had effectively dispersed over 
200,000 km
2
 and colonized the vast majority of cassava fields within this range (Herren et al., 
1987). Though multiple endemic primary parasitoids and hyper-parasitoids were recorded in 
mealybug-invaded areas in Africa (Neuenschwander et al., 1987a; Neuenschwander & 
Hammond, 1988), these largely did not impede the success of A. lopezi as biological control 
agent (Neuenschwander, 2001). Overall, the parasitic wasp successfully established in 26 
different African countries, prevented wide-spread famine and generated long-term economic 
benefits of US$ 9.4-20.2 billion (Zeddies et al., 2001). 
In late 2009, A. lopezi was introduced from West Africa into Thailand and subsequently into 
Indonesia, through a joint endeavor between the Food and Agriculture Organization (FAO), 
CGIAR centers and Thai governmental institutions (Winotai et al., 2010; Wyckhuys et al., 2015). 
Other methods promoted for P. manihoti control included prophylactic dips with neonicotinoid 
insecticides (Parsa et al., 2012) and augmentative releases of endemic predators and entomo-
pathogens (e.g., Saengyot & Burikam, 2012; Sattayawong et al., 2016). However, it has largely 
been deemed that A. lopezi effectively suppressed local mealybug populations. In a first regional 
assessment during 2014-2015, A. lopezi was routinely found in P. manihoti-affected fields at 
parasitism levels of 10-57% (Wyckhuys et al., 2017a). Yet, from smallholder fields in Cambodia, 
a diverse and speciose complex of hyperparasitoids or mummy parasitoids was equally recorded 
(Wyckhuys et al., 2017b).  
Natural enemy abundance and performance, as much as pest pressure, are shaped by a wide 
range of variables at a field, farm, and agro-landscape level. In Asian cassava fields, patch-level 
characteristics, such as soil parameters and a plant’s phytopathogen infection status, readily 




impacts on cassava mealybug biological control have rarely been inferred in past studies, and so 
far have not been studied in-depth. Though the effects of landscape structure on natural enemy 
abundance, diversity, and activity have been relatively well investigated (e.g., Bianchi et al., 
2006; Chaplin-Kramer et al., 2011; Veres et al., 2013; Schellhorn et al., 2015b), much less is 
known about its impacts on pest pressure or (natural) biological control. Yet, for specialist 
parasitoids such as A. lopezi, habitat loss and landscape simplification could be particularly 
disruptive (Cagnolo et al., 2009). Also, while landscape-level interactions have been assessed to 
a fair extent for annual cropping systems under temperate conditions, they have only received 
scant attention in (semi-)perennial cropping systems in the tropics (but see Tylianakis et al., 2007; 
Pak et al., 2015). Lastly, fourth-trophic level organisms, such as hyperparasitoids, have only 
received peripheral attention in landscape ecology studies (Rand et al., 2012; Plecas et al., 2014), 
even though they are highly responsive to landscape complexity, are connected to arthropod 
population dynamics across habitats, and may release herbivores, such as P. manihoti, from 
biological control (Sullivan & Volk, 1999).   
In this study, we examine landscape-level effects on P. manihoti biological control in 
intensified cassava cropping systems of southern Vietnam (i.e., Tay Ninh province). We 
characterize overall P. manihoti population levels across two successive growing seasons, assess 
A. lopezi establishment and impact, and describe the resident hyperparasitoid community. 
Furthermore, we contrast mealybug-parasitoid-hyperparasitoid dynamics in fields embedded 
within simplified, large-scale landscapes vs. complex, small-scale settings. This study adopts a 
landscape ecology approach, yet is no landscape analysis sensu stricto as it is not guided by 
structural indicators of landscape composition or spatial configuration (Mühlner et al., 2010; 




parasitism rates and parasitoid × host dynamics from a key cassava-growing area in SE Asia, 
examines P. manihoti biological control through a (novel) landscape ecology lens, and provides 
valuable insights to guide further (invasive) pest mitigation programs.  
 
2. Materials and methods  
2.1. Study sites 
Our study was conducted in several rural communes of Tay Ninh province, southern Vietnam 
(Fig. 1); an area characterized by highly-intensified cassava production, with staggered 
(overlapping) planting and near-continuous, year-long cultivation. Local cassava fields are 
routinely established with locally-sourced stem cuttings (i.e., stakes), receive ample fertilizer and 
herbicide inputs during the first 3-4 months, and are manually harvested at 9-12 months after 
planting. Overall, two different types of cassava fields and associated agro-landscapes could be 
identified in Tay Ninh. First, in certain areas, cassava fields are small (1-2 ha in size) and 
embedded within relatively complex and diverse landscape settings. Surrounding habitats consist 
of equally small-sized plots of cassava or semi-perennial crops such as rubber (Hevea 
brasiliensis (Willd. ex A. Juss.) Müll. Arg.; Euphorbiaceae), custard-apple (Annona squamosal 
L.; Annonaceae), sugarcane (Saccharum sp.; Poaceae), banana (Musa sp.; Musaceae) or 
plantation forest (here termed ‘high-diversity’ sites). Second, other landscape sectors are 
primarily made up of larger fields, ranging between 4-8 ha, surrounded by other cassava fields 
and thus creating simplified, homogeneous landscapes (here termed ‘low-diversity’ sites). In 
these settings, fields have lower perimeter-to-area ratios and less extended field boundaries. 
Field work was initiated in January 2014, at the onset of the dry season, and continued over the 




selected by inspection of Google Maps and on-site ‘ground-truthing’. Landscape sectors were 
chosen with a radius of 1 km in size; a spatial scale that’s proven appropriate for the study of 
small-sized natural enemies such as aphid parasitoids and mirid bugs (e.g., Carriere et al., 2006; 
Plecas et al., 2014). A total of eight, newly-planted cassava fields were chosen of uniform age, 
crop variety, developmental stage and crop management, four in high-diversity and four in low-
diversity settings. Particular care was taken to avoid confounding effects of biophysical or 
management variables such as fertilizer use, acaricide sprays or herbicide application rates (e.g., 
Bianchi et al., 2006). Fields were at least 1 km apart, and selection of fields was done in close 
collaboration with officials from the Plant Protection sub-Department of Tay Ninh province and 
with consent from individual growers. Each field was visited on a bi-monthly basis until late July 
2015, thus covering a total of two consecutive seasons. Fields that were covered in our survey 
were typically planted in November, at the end of rainy season, and harvested between 
September and October. Field visits thus were conducted in January (2-month after planting), 
March (4 months), May (6 months) and July (8 months). Field visits were thus carried out during 
the regional dry season (November-April) and rainy season (May-October), over the course of 
two consecutive years.     
 
2.2. Survey protocol & sample processing 
Focal fields were sampled a total of 8 times, and insect surveys were done every two months to 
characterize P. manihoti (plant-field) abundance and (field-level) incidence and parasitoid 
species composition. Linear 10-15 m transects along which ten consecutive plants were screened 
were established in a random fashion in each focal field, at distances >2 m from the field border. 




plants per field were assessed for presence of arthropods, P. manihoti infection status (and 
associated ‘bunchy top’ symptoms; Neuenschwander et al., 1987a), and per-plant P. manihoti 
abundance. In-field identification of mealybugs was based on morphological characters such as 
coloration and length of abdominal waxy filaments (see Graziosi et al., 2016). All mealybug 
species were collected and placed in 1.5 ml Eppendorf tubes filled with 70% or 90% ethanol and 
stored at -20°C until further processing. Mealybug samples were sent to Chamaiporn Buamas of 
the Thailand Department of Agriculture (DoA) in Bangkok, Thailand, where specimens were 
identified using morphological features and dichotomous keys. Field-level P. manihoti 
infestation was expressed both as the proportion of plants infested (i.e., incidence) and average 
number of P. manihoti per plant (i.e., abundance).  
To assess A. lopezi parasitism rates and to describe the parasitoid community associated with 
P. manihoti, a total of 20 mealybug-infested tips or ‘bunchy tops’ were collected from each field 
and transferred to the laboratory. Sampling procedures were adapted from Neuenschwander & 
Hammond (1988), and consisted of breaking off a 20-cm upper section or ‘tip’ of each 
mealybug-infested plant, and placing those in sealed paper bags. Prior to bagging, tips were 
inspected and voracious predators such as coccinellids and lacewing larvae were removed. Next, 
bags with plant material were placed within a cooler box. Upon arrival in the laboratory, cassava 
tips were carefully examined, and the total number of P. manihoti were counted. As mixed 
mealybug colonies are regularly encountered in the field (e.g., Graziosi et al., 2016), other 
species were removed from the plant tips. Next, cassava tips were placed separately within 
transparent polyvinyl chloride (PVC) containers (40 cm in height, 25 cm diam.), and covered 




conditions (25-30°C) and 12:12 L:D cycle, and inspected on a daily basis for emergence of 
parasitic wasps.  
Parasitoids and possible hyperparasitoids were collected with a handheld aspirator and 
transferred to 1.5 ml Eppendorf tubes with 75% ethanol for subsequent identification. Prior to 
discarding the samples, each tip was carefully inspected for the presence of any un-eclosed 
parasitoid mummies. Primary parasitoids such as A. lopezi can be attacked by either 
hyperparasitoids or mummy parasitoids, but no distinction was made between these guilds. Our 
experimental protocol did not allow us to distinguish the exact (primary) parasitoid host of 
particular hyperparasitoids. Ecological role of each of the different parasitoid species was 
queried in the Universal Chalcidoidea Database and Taxapad (Noyes, 2003; Yu et al., 2012). 
Specimens of each of the parasitoid and possible hyperparasitoid species were labeled, and sent 
for identification to the USDA Systematic Entomology laboratory in Washington DC, USA. 
Hyperparasitoid generic determinations were made using Hayat (1998) and Gibson et al. (1997). 
Specimens were identified to species via primary literature followed by comparison with reliably 
identified material in the National Museum of Natural History (Washington, DC). Voucher 
specimens of mealybugs and parasitoid wasps were deposited at the Plant Protection Research 
Institute (PPRI) in Hanoi, Vietnam.  
Percentage parasitism was calculated by dividing the total number of emerged parasitoids by the 
total number of mealybugs per tip, and percentage hyperparasitsm was calculated as the number 
of emerged hyperparasitoids divided by number of emerged primary parasitoids. Parasitism rates 
were computed for individual cassava tips, and average field-level parasitism rates were 
calculated for each sampling date. The sex of emerged A. lopezi wasps was determined and sex 




date, we also computed cumulative mealybug-days (CMD) as an adaptation of measures 
developed by Ragsdale et al. (2007) for evaluation of soybean aphid populations over time in 
North America. More specifically, we assessed mealybug population by converting the average 























where n is the total number of days over which sampling took place, xi is the number of 
mealybugs counted on day i, and ti is the number of days since the initiation of sampling on day 
i. CMD indices were further adjusted by accounting for field-level incidence rates. This approach 
allowed us to compare P. manihoti population curves between years and landscape contexts.  
 
2.3. Statistics 
We used analysis of variance (PROC MIXED, SAS version 9.1; SAS Institute, Cary, NC) with 
field as random factor, and tested the effect of landscape type (high- or low-diversity) on 
mealybug incidence and abundance, A. lopezi parasitism and potential hyperparasitism. We also 
tested the effect of cassava age, sampling date and year, and their interaction with landscape type 
for P. manihoti incidence, abundance and A. lopezi parasitism using the same approach. Means 
were compared with least squares means approach. Repeated measures analysis of variance 
(ANOVA) was equally carried out to assess effects of the above variables on CMD measures. 
Regression analysis and curve fitting were employed to assess density-dependent parasitism at 
the level of individual cassava tips and at a field scale. Regression statistics were compared 




log-transformed while incidence, parasitism and hyperparasitism data were arcsine-transformed 
to meet normality. 
 
3. Results 
3.1. Mealybug & parasitoid community composition 
In field surveys from 2014 to 2015, a total of four different mealybug species were recorded 
from cassava fields: P. manihoti, Pseudococcus jackbeardsleyi Gimpel and Miller, Paracoccus 
marginatus Williams and Granara de Willink, and Ferrisia virgata (Cockerell). Across sites and 
years, P. manihoti constituted 91.4% of the mealybug complex, with other species representing 
5.7%, 2.8% and 0.2%, respectively. Field-level incidence of P. manihoti ranged from 0% to 82% 
across both years, with an average of 24.8 ± 17.7% (mean ± SD) plants infected with at least one 
mealybug.  Mealybug abundance ranged from 0 to 698 mealybugs per cassava tip, and on 
infected tips an average of 5.56 ± 5.03 individuals were found. From 1,280 collected cassava tips 
(or ‘bunchy tops’), we recorded a total of 14,547 P. manihoti at average infestation levels of 
11.36 individuals per tip.  A total of 7,673 A. lopezi wasps and 233 potential hyperparasitoids 
emerged from field-collected tips held in the laboratory. Hyperparasitism levels were on average 
2.79 ± 5.38%, with a maximum hyperparasitism rate of 26.4% (recorded in 2015 dry season; 
high-diversity site). The primary parasitoid community was entirely comprised of A. lopezi. 
Season-long A. lopezi sex-ratio was recorded as 36.9% (prop. female). The hyperparasitoid 
community was composed of Chartocerus sp. near walkeri Hayat (Signiphoridae; 46.0%), 
Promuscidea unfasciativentris (Eriaporidae; 53.7%) and Prochiloneurus sp. (Encyrtidae; 0.4%). 
In high-diversity setting, P. unfasciativentris was the main hyperparasitoid (61.2%) while 





3.2. Host × parasitoid dynamics 
Mealybug incidence fluctuated greatly across sampling dates, and was affected by landscape type 
(Fig. 2a) and cassava age (Fig. 3a). Overall, P. manihoti incidence was significantly higher in 
high-diversity fields compared to low-diversity fields, with increasing incidence across the 
cropping season up until 6 months of age Significant effects were recorded for landscape type 
(F1,45 = 16.69; P = 0.0002), collection date (F1,45 = 11.60; P<0.0001) and age (F3,53 = 24.13; P < 
0.0001), but not for their interaction. Season is reflected in the age of cassava fields, as dry 
season basically covered fields of ages 2-4 months, while the rainy season included 6-8 month 
old fields. In the dry season, P. manihoti field-level incidence was 16.3 ± 3.2% and 31.1 ± 5.8% 
(average ± SE) in low- and high-diversity settings, respectively. In the rainy season, respective 
incidence was 22.1 ± 3.2% and 29.5 ± 4.2%. Incidence levels did not vary between the two years 
of sampling (F1,57= 0.08; P = 0.7802). 
Similarly, P. manihoti abundance per tip varied significantly across the study period (Fig. 2b) 
and with cassava age (Fig. 3b). Landscape diversity and sampling date significantly affected 
mealybug abundance (F1,780 = 11.2; P = 0.0009 and F7,780 = 6.63; P < 0.0001 respectively), as 
well as their interaction (F7,780 = 4.63 P < 0.0001), with mealybug numbers significantly higher 
in high-diversity fields compared to low-diversity fields. Younger fields harbor significantly 
higher numbers of mealybug (F3,788 = 13.60; P < 0.0001) compared to older fields, but population 
abundance did not vary between the two years of sampling (F1,792= 1.59; P = 0.2074). On 
average, dry-season mealybug abundance was 5.9 ± 1.3 and 8.7 ± 1.7 individuals per infested tip 
for low- and high-diversity settings, respectively. In the rainy season, P. manihoti abundance 




Mealybug population build-up varied between years and landscape types (Fig. 4), with season-
long mealybug abundance being highest in high-diversity settings. Cumulative mealybug-days 
were significantly affected by landscape type (F1,54 = 23.491, P < 0.001), cassava age (F3,54 = 
24.145, P < 0.001) and the interaction of landscape diversity × year (F2,54 = 4.415, P = 0.017).  
Anagyrus lopezi parasitism was higher in high diversity landscapes as compared to low 
diversity ones, and gradually increased over the dry season up until cassava was 4-6 months old 
(Fig. 2c and 3c). Parasitism levels were affected by diversity (F1,1261 = 5.01; P = 0.0254), 
collection date (F7,1261 = 51.39; P < 0.0001) and their interaction (F7,1261 = 4.33; P < 0.0001), and 
age (F3,1269 = 95.52; P < 0.0001). Parasitism levels were significantly higher in 2014 compared 
with 2015 (F1,1273 = 21.24; P < 0.0001). Parasitism rates were 43.2 ± 6.7% and 44.6 ± 6.1% for 
low- and high-diversity settings in the dry season, respectively. In the rainy season, respective 
rates were 47.1 ± 5.7% and 53.6 ± 4.8%. Variability in A. lopezi parasitism (coefficient of 
variation, CV) was 1.00 ± 0.73 and 0.82 ± 0.63 for low- and high-diversity settings, with CV 
rates significantly affected by cassava age (F1,62 = 23.299, P <0.001). 
Potential hyperparasitism varied significantly across sampling dates (Fig. 2d), with lowest 
levels in 2-month old cassava (F7,1261 = 3.62; P = 0.0007). Though landscape type did not affect 
potential hyperparasitism (F1,1261 = 2.86; P = 0.0909), the interaction between sampling date and 
landscape diversity was significant (F7,1261 = 3.32; P = 0.0017). 
 
3.3. Density-dependent parasitism 
At the level of individual cassava tips (see Segoli, 2016), a quadratic relationship was recorded 
between parasitism rate and mealybug abundance (Fig. 5c; F2,2077 = 36.700, P < 0.001). This 




P < 0.001; F2,1037 = 6.619, P = 0.001). In early season (2-month old) fields, the quadratic 
regression was sustained for the overall data-set (F2,317 = 43.585, P <0.001), and also for low- and 
high-diversity landscape contexts separately (Fig. 3a; F2,157 = 27.488, P <0.001; F2,157 = 18.741, 
P <0.001, respectively). In late season (8-month old) fields, no relationship was recorded 
between parasitism rates and mealybug abundance in the full data-set (Fig. 5b), but statistically 
significant patterns were recorded for low- and high-diversity contexts separately (F1,238 = 
11.015, P = 0.001; F2,237 = 7.181, P = 0.001, respectively). 
At the level of entire fields, highly-significant regression was recorded within the full two-year 
dataset between A. lopezi parasitism rate and mealybug density, under both low-diversity and 
high-diversity landscape contexts (F1,30 = 15.771, P < 0.001; F1,30 = 15.671, P < 0.001). 
Significant regression patterns were only found for 2-month old plots, under both low- and high-
diversity landscape contexts (Fig. 6; F1,6 = 18.760, P = 0.005; F1,6 = 13.935, P = 0.010, 
respectively).  
 
4. Discussion  
As the stage for one of the world’s greatest biological control successes (Neuenschwander, 
2001), cassava cropping systems possess unique and noteworthy features. Being long-season 
crops exposed to comparatively few disturbances, cassava systems provide habitats of prolonged 
durational stability and vegetational complexity for myriad natural enemies. The secretion of 
extra-floral nectar by the cassava plant also constitutes a favorable trait for multiple beneficial 
organisms, including hymenopteran parasitoids (e.g., Pinto-Zevallos et al., 2016). Anagyrus 
lopezi itself equally possesses an exceptional dispersal potential of 20 km per generation, a high 




ability to persist at low P. manihoti densities (Neuenschwander et al., 1989). Thus are well-
adapted to provide effective biological control in novel settings, including Asia’s intensified and 
dynamic cassava production landscapes.  
The above life history and ecological traits of A. lopezi help explain its sustained presence in 
settings with year-long staggered cassava planting, and the minimal differences in its population 
build-up between landscape types. Given the high mobility of A. lopezi, our choice of a 1-km 
radius to assess landscape composition likely did not effectively account for the insect’s 
perceptual range (or the ‘spatial extent at which movement decisions are made’; Olden et al., 
2004), and the parasitoid is likely to face continuous spatiotemporal availability of resources 
irrespective of landscape context (Schellhorn et al., 2015a). Furthermore, A. lopezi readily 
encounters carbohydrate and other vital resources on mealybug-infested cassava plants, thus 
minimizing a need for landscape-level foraging (Burger et al., 2005; Roitberg & Gillespie, 
2014). Also, adequate crop husbandry likely benefited wasp populations further by boosting A. 
lopezi development (Wyckhuys et al., 2017a) and possibly increasing secretion rates or amino 
acid content of cassava extrafloral nectar (Lundgren, 2009). These patch and landscape 
characteristics, coupled with the favorable life history traits of A. lopezi, could have contributed 
to the high mealybug parasitism levels in our study. Across both years, A. lopezi parasitism rates 
(i.e., season-long averages of 49.9 and 52.1% in low- and high-diversity settings) were markedly 
higher than the maximum 30% levels in smallholder-managed fields in Africa (Hammond & 
Neuenschwander, 1990).   
Maximum field-level P. manihoti incidence of 33.5 ± 7.9% and 58.0 ± 0.9%, and plant-level P. 
manihoti abundance of 8.9 ± 5.1 and 16.3 ± 4.0 individuals per tip in low- and high-diversity 




that in Africa, when P. manihoti populations collapsed after A. lopezi release and stabilized at 
23% incidence and abundance <10 individuals per tip (Hammond & Neuenschwander, 1990). 
Similar to the African case, Vietnam’s P. manihoti populations built up during the second half of 
the dry season and remained at low levels during the rainy season. As no quantitative 
assessments were made of A. lopezi-mediated pest suppression, exclusion trials could still reveal 
the strength and stability of biological control under varying landscape contexts (see Chisholm et 
al., 2014; Rusch et al., 2016). Also, though we did not record crop yields in this study, P. 
manihoti infestation rates of a similar magnitude did not affect yield or harvest indices in 
Thailand (Tancharoen et al., unpublished).  
In both years, P. manihoti colonized fields earlier and attained higher incidence in small plots 
within high-diversity landscapes as compared to simplified settings. Nevertheless, mealybug 
abundance proved similar under both landscape types. Our findings underscore that small-field 
landscapes are not necessarily typified by low pest pressure (Roschewitz et al., 2005; Plecas et 
al., 2014), and that ecological traits of colonizing organisms and particularities of the crop 
environment can modulate the relationship between field size and pest pressure (Segoli & 
Rosenheim, 2012). Though island biogeography and resource-concentration hypotheses both 
imply that specialist herbivores, such as P. manihoti, attain superior densities in large-scale 
monocultures, this is only irregularly confirmed through empirical work (e.g., Bianchi et al., 
2006; Chaplin-Kramer et al., 2011; Schellhorn et al., 2015b). Higher perimeter-to-area ratios of 
small fields permit more effective and uniform colonization of pests, but concurrently favor 
immigration by natural enemies (Rusch et al., 2013). Phenacoccus manihoti is an efficient 
colonist that draws upon two main strategies: 1) airborne dispersal by crawlers, and 2) passive 




immigration rates are directly tied to the amount of potential colonizers in the surrounding 
landscape (e.g., Bianchi et al., 2017). In small-field landscapes, crop harvest extended over 
longer periods into the early dry season, and possibly allowed for a sustained movement of 
airborne P. manihoti nymphs through a so-called ‘green bridge’ effect. This greater inoculum 
pressure likely explained the higher season-long P. manihoti incidence under small-field or high-
diversity settings.  
 Parasitism rates and host × parasitoid dynamics did not show clear, consistent differences 
between landscape types. As in-field parasitism results from immigration and field-level 
reproduction, it is often challenging to distinguish landscape-level impacts (e.g., Schellhorn et 
al., 2015b). One possibility is that the host-specific A. lopezi does not respond to landscape 
complexity, as postulated above, thus opposing prevailing hypotheses (Chaplin-Kramer et al., 
2011). An alternative option is that A. lopezi is actually responsive to landscape-level diversity, 
but these patterns are obscured through field-level disturbances. More specifically, in early 2015, 
certain fields in high-diversity landscapes were sprayed with broad-spectrum acaricides (i.e., 
propargite, fenpyroximate) to control tetranychid mite outbreaks. Although non-target effects of 
acaricides on parasitoids are rare (e.g., Urbaneja et al., 2008), their overhead application in 
newly-planted crops possibly might have affected A. lopezi × mealybug dynamics during the 
subsequent cropping season. To obtain more conclusive insights into A. lopezi immigration rates 
under different landscape types, mark-release-recapture, rare-element labeling or interception 
traps could be used (e.g., Corbett & Rosenheim, 1996; Schellhorn et al., 2015b). 
One hint of A. lopezi’s responsiveness to landscape complexity though can be found in its 
density-dependent response to P. manihoti during the early season. In early season, parasitism 




increases from in-field reproduction (see Schelhorn et al., 2015b, Bianchi et al., 2017). Similar to 
Hammond & Neuenschwander (1990), positive density dependence was found at low host 
densities and parasitism rates declined rapidly at higher P. manihoti densities. Yet, density 
dependence patterns were slightly more pronounced in large-field landscapes. One hypothesis is 
that parasitoids aggregate more on host-rich patches under those conditions (e.g., Segoli, 2016; 
Morgan et al., 2017), or that A. lopezi that colonize plots from further afield become time-limited 
and exploit host patches differently (Dieckhoff et al., 2014). Irrespective of its underlying 
mechanism, the type of spatial aggregation under low-diversity settings could work in a 
stabilizing manner on mealybug × parasitoid dynamics. 
The local primary parasitoid community on P. manihoti exclusively consisted of A. lopezi, 
associated with at least three hyperparasitoid species: Chartocerus sp. near walkeri Hayat 
(Signiphoridae), P. unfasciativentris (Eriaporidae) and Prochiloneurus sp. (Encyrtidae). Across 
sites, hyperparasitism rates peaked at 26.4% during late dry season. Similar patterns were found 
across the African cassava belt, where a species-rich hyperparasitoid community initially reached 
41% parasitism rates that gradually leveled off to 17-20% (Neuenschwander et al., 1987a). In our 
study, a more abundant and species-rich parasitoid community was recorded from small-field 
landscapes versus large-field settings, with hyperparasitoids likely colonizing fields from nearby 
cassava plots or from other agricultural or non-crop habitats. Yet, there is no evidence that this 
more diverse community reached higher parasitism rates (Rodriguez & Hawkins, 2000) or 
dampened mealybug biological control (e.g., Crowder & Yabour, 2014). It is not unexpected that 
diverse agro-landscapes differentially benefit higher trophic-level natural enemies, such as 
hyperparasitoids (Gagic et al., 2011; Rand et al., 2012; Frago, 2016). Within intensified cassava 




few strong interactions and several weak links, also observed from other tropical settings by 
Tylianakis et al. (2007). In smallholder-managed systems or on low-fertility soils, parasitoid 
communities are thought to be vastly different (Wyckhuys et al., 2017a), and nothing is known 
about the magnitude of P. manihoti biological control under those conditions.   
In conclusion, our work sheds light upon landscape-level impacts on host × parasitoid 
dynamics in intensified cassava systems. In those settings, A. lopezi effectively colonizes fields 
irrespective of landscape context and reaches high parasitism rates at comparatively low P. 
manihoti abundance. The main factors ensuring biological control are the favorable ecological 
traits of P. manihoti and its host-specific parasitoid. Furthermore, though not assessed in this 
study, P. manihoti control could benefit from the spatio-temporal continuity of host and food 
items at a landscape level (e.g., Vasseur et al., 2013; Schellhorn et al., 2014). This is the first 
report of A. lopezi-mediated suppression of P. manihoti in Asia’s intensified cassava production 
systems. With >4 million ha of cassava cultivated by roughly 8 million Asian farming families, 
socio-economic impacts of P. manihoti biological control in this part of the globe are expected to 
be of a similar order of magnitude as those in Africa (Zeddies et al., 2001). With arthropod 
biological control receiving dwindling public interest and low cultural saliency in many corners 
of the globe (e.g., Warner et al., 2011), these monumental achievements now only wait to be 
further documented, communicated, and celebrated.  
 
5. Acknowledgements 
This manuscript presents original datasets that result from collaborative research, with trials 
jointly conceptualized, defined and executed by Vietnamese counterparts, CIAT personnel and 




Le Xuan Vi at Vietnam’s Plant Protection Research Institute (PPRI-VAAS), for their support to 
field staff and for facilitating this 2-year insect survey. We are grateful to collaborators from 
Hung Loc Research station and staff from the Provincial office of Vietnam’s Plant Protection 
Department (PPD-MARD) in Tay Ninh for facilitating access to a field laboratory and providing 
backstopping to site selection, grower interactions and insect sampling. A short-term stay of Dr. 
Theresa Cira was facilitated by an Interdisciplinary Center for the Study of Global Change 
(ICGC) Global Food Security Fellowship and a Graduate School Thesis Research Travel grant 
from the University of Minnesota. This initiative was conducted as part of an EC-funded, IFAD-
managed, CIAT-executed programme (CIAT-EGC-60-1000004285), with additional funding 






Bellotti A.C., Herrera, B.V., Hyman, G., 2012. Cassava production and pest management: 
present and potential threats in a changing environment. Tropical Plant Biology 5, 39-72. 
 
Bianchi, F.J.J.A., Booij, C.J.H., Tscharntke, T., 2006. Sustainable pest regulation in agricultural 
landscapes: a review on landscape composition, biodiversity and natural pest control. 
Proceedings of the Royal Society B – Biological Sciences 273, 1715-1727.  
 
Bianchi, F.J.J.A., Walters, B.J., Cunningham, S.A., Hemerik, L., Schellhorn, N.A., 2017. 
Landscape-scale mass-action of spiders explains early-season immigration rates in crops. 
Landscape Ecology 32, 1257-1267. 
 
Birkhofer, K., Andersson, G.K., Bengtsson, J., Bommarco, R., Dänhardt, J., Ekbom, B., Ekroos, 
J., Hahn, T., Hedlund, K., Jönsson, A.M., Lindborg, R., 2018. Relationships between multiple 
biodiversity components and ecosystem services along a landscape complexity gradient. 
Biological Conservation 218, 247-253. 
 
Burger, J., Kormany, A., Lenteren, J.C., Vet, L.E., 2005. Importance of host feeding for 
parasitoids that attack honeydew‐producing hosts. Entomologia Experimentalis et Applicata 117, 
147-154. 
 
Cagnolo, L., Valladares, G., Salvo, A., Cabido, M., Zak, M., 2009. Habitat fragmentation and 
species loss across three interacting trophic levels: effects of life-history and food-web traits. 
Conservation Biology 23, 1167-1175. 
 
Chaplin-Kramer, R., O’Roourke, M.E., Blitzer, E.J., Kremen, C., 2011. A meta-analysis of crop 
pest and natural enemy response to landscape complexity Ecology Letters 14, 922-932.  
 
Chisholm, P.J., Gardiner, M.M., Moon, E.G., Crowder, D.W., 2014. Tools and techniques for 
investigating impacts of habitat complexity on biological control. Biological Control 75, 48-57.  
 
Corbett, A., Rosenheim, J.A., 1996. Impact of a natural enemy overwintering refuge and its 
interaction with the surrounding landscape. Ecological Entomology 21, 155-164. 
 
Cramb, R., Manivong, V., Newby, J.C., Sothorn, K., Sibat, P.S., 2017. Alternatives to land 
grabbing: exploring conditions for smallholder inclusion in agricultural commodity chains in 
Southeast Asia. The Journal of Peasant Studies 44, 939-967. 
 
Crowder, D.W., Jabbour, R., 2014. Relationships between biodiversity and biological control in 
agroecosystems: current status and future challenges. Biological Control 75, 8-17. 
 
Dieckhoff, C., Theobald, J.C., Wackers, F.L., Heimpel, G.E., 2014. Egg load dynamics and the 
risk of egg and time limitation experienced by an aphid parasitoid in the field. Ecology and 





Frago, E., 2016. Interactions between parasitoids and higher order natural enemies: intraguild 
predation and hyperparasitoids. Current Opinion in Insect Science 14, 81-86.  
 
Gagic, V., Tscharntke, T., Dormann, C.F., Gruber, B., Wilstermann, A., Thies, C., 2011. Food 
web structure and biocontrol in a four-trophic level system across a landscape complexity 
gradient. Proceedings of the Royal Society London B 278, 2946-2953. 
 
Gibson, G., Huber, J., Woolley, J. (eds.), 1997. Annotated keys to the genera of Nearctic 
Chalcidoidea (Hymenoptera). NRC Research Press, Ottawa, Ontario, Canada. xi+794 pp. 
 
Graziosi, I., Minato, N., Alvarez, E., Ngo, D.T., Hoat, T.X., Aye, T.M., Pardo, J.M., Wongtiem, 
P., Wyckhuys, K.A.G., 2016. Emerging pests and diseases of South-east Asian cassava: a 
comprehensive evaluation of geographic priorities, management options and research needs. Pest 
Management Science 72, 1071–1089. 
 
Hammond, W.N.O., Neuenschwander, P., 1990. Sustained biological control of the cassava 
mealybug Phenacoccus manihoti (Homoptera: Pseudococcidae) by Epidinocarsis lopezi 
(Hymenoptera: Encyrtidae) in Nigeria. Entomophaga 35, 515-526.  
 
Hammond, W.N.O., Neuenschwander, P., Herren, H.R., 1987. Impact of the exotic parasitoid 
Epidinocarsis lopezi on the cassava mealybug (Phenacoccus manihoti) populations. In: P. 
Neuenschwander, J.S. Yaninek, H.R. Herren (Eds.), Africa-wide biological control project of 
cassava pests. Insect Science and its Application 8, 887-891.   
 
Hayat, M., 1998. Aphelinidae of India (Hymenoptera:Chalcidoidea): a taxonomic revision. 
Memoirs on Entomology, International 13: 416 pp. 
 
Herren, H.R., Neuenschwander, P., Hennessey, R.D., Hammond, W.N.O., 1987. Introduction 
and dispersal of Epidinocarsis lopezi (Hym., Encyrtidae), an exotic parasitoid of the cassava 
mealybug, Phenacoccus manihoti (Hom., Pseudococcidae), in Africa. Agriculture, Ecosystems 
and Environment 19, 131-144. 
 
Herren, H.R., Neuenschwander, P., 1991. Biological control of cassava pests in Africa. Annual 
Review of Entomology 36, 257–283. 
 
Lohr, B., Varela, A.M., Santos, B., 1990. Exploration for natural enemies of the cassava 
mealybug, Phenacoccus manihoti (Homoptera: Pseudococcidae), in South America for the 
biological control of this introduced pest in Africa. Bulletin of Entomological Research 80(4): 
417-425. 
 
Lundgren, J.G., 2009. Relationships of natural enemies and non-prey foods. Progress in 
Biological Control, Volume 7. Springer Science & Business Media, 454 p. 
 
Morgan, W.H., Thebault, E., Seymour, C.I., van Veen, F.J., 2017. Density dependence and 
environmental factors affect population stability of an agricultural pest and its specialist 





Mühlner, S., Kormann, U., Schmidt-Entling, M., Herzog, F., Bailey, D., 2010. Structural versus 
functional habitat connectivity measures to explain bird diversity in fragmented orchards. Journal 
of Landscape Ecology 3, 52-64. 
 
Muniappan, R., Sheppard, B.M., Watson, G.W., Carner, G.R., Rauf, A., Sartiami, D., Hidayat, P., 
Afun, J.V.K., Goergen, G., Ziaur Rahman, A.K.M., 2009. New records of invasive insects 
(Hemiptera: Sternorrhyncha) in Southeast Asia and West Africa. Journal of Agricultural and 
Urban Entomology 26, 167-174. 
 
Neuenschwander, P., 2001. Biological control of the cassava mealybug in Africa: a review. 
Biological Control 21, 214-229.  
 
Neuenschwander, P., Hammond, W.N.O., 1988. Natural enemy activity following the 
introduction of Epidinocarsis lopezi (Hymenoptera: Encyrtidae) against the cassava mealybug, 
Phenacoccus manihoti (Homoptera: Pseudococcidae) in southwestern Nigeria. Environmental 
Entomology 17, 894-902.  
 
Neuenschwander, P., Hammond, W.N.O., Guttierez, A.P., Cudjoe, A.R., Adjakloe, R., 
Baumgartner, J.U., Regev, U., 1989. Impact assessment of the biological control of the cassava 
mealybug, Phenacoccus manihoti Matile Ferrero (Hemiptera: Pseudococcidae) by the introduced 
parasitoid Epidinocarsis lopezi (De Santis) (Hymenoptera: Encyrtidae). Bulletin of 
Entomological Research 79, 579-594.  
 
Neuenschwander, P., Hammond, W.N.O., Hennessey, R.D., 1987a. Changes in the composition 
of the fauna associated with the cassava mealybug, Phenacoccus manihoti, following the 
introduction of the parasitoid Epidinocarsis lopezi. Insect Science and its Application 8, 893-898.  
 
Noyes, J.S., 2003. Universal Chalcidoidea Database. World Wide Web electronic publication. 
http://www.nhm.ac.uk/chalcidoids. 
 
Nwanze, K.F., 1982. Relationships between cassava root yields and crop infestations by the 
mealybug, Phenacoccus manihoti. International Journal of Pest Management 28, 27-32. 
 
Nwanze, K.F., Leuschner, K., Ezumah, H.C., 1979. The cassava mealybug, Phenacoccus sp. in 
the republic of Zaire. International Journal of Pest Management 25, 125-130. 
 
Olden, J.D., Schooley, R.L., Monroe, J.B., Poff, N.L., 2004. Context-dependent perceptual 
ranges and their relevance to animal movements in landscapes. Journal of Animal Ecology 73, 
1190-1194.  
 
Pak, D., Iverson, A.L., Ennis, K.K., Gonthier, D.J., Vandermeer, J.H., 2015. Parasitoid wasps 
benefit from shade tree size and landscape complexity in Mexican coffee agro-ecosystems. 





Parsa, S., Kondo, T., Winotai, A., 2012. The cassava mealybug (Phenacoccus manihoti) in Asia: 
first records, potential distribution, and an identification key. PLoS ONE 7(10): e47675. 
 
Pinto-Zevallos, D.M., Pareja, M., Ambrogi, B.G., 2016. Current knowledge and future research 
perspectives on cassava (Manihot esculenta Crantz) chemical defenses: an agro-ecological view. 
Phytochemistry 130, 10-21.  
 
Plećaš, M., Gagić, V., Janković, M., Petrović-Obradović, O., Kavallieratos, N.G., Tomanović, 
Z., Thies, C., Tscharntke, T., Cetkovic, A., 2014. Landscape composition and configuration 
influence cereal aphid–parasitoid–hyperparasitoid interactions and biological control 
differentially across years. Agriculture, Ecosystems & Environment 183, 1-10. 
 
Ragsdale, D. W., McCornack, B. P., Venette, R. C. et al., 2007. Economic threshold for soybean 
aphid (Hemiptera: Aphididae). Journal of Economic Entomology 100, 1258-1267. 
 
Rand, T.A., Van Veen, F.J., Tscharntke, T., 2012. Landscape complexity differentially benefits 
generalized fourth, over specialized third, trophic level natural enemies. Ecography 35, 97-104. 
 
Rodrıguez, M.A., Hawkins, B.A., 2000. Diversity, function and stability in parasitoid 
communities. Ecology Letters 3, 35–40. 
 
Roitberg, B.D., Gillespie, D.R., 2014. Natural enemies on the landscape – integrating life-history 
theory and landscapes. Biological Control 75, 39-47.  
 
Roschewitz, I., Hücker, M., Tscharntke, T., Thies, C., 2005. The influence of landscape context 
and farming practices on parasitism of cereal aphids. Agriculture, Ecosystems and Environment 
108, 218-227. 
 
Rusch, A., Bommarco, R., Jonsson, M., Smith, H.G., Ekbom, B., 2013. Flow and stability of 
natural pest control services depend on complexity and crop rotation at the landscape scale. 
Journal of Applied Ecology 50, 345-354. 
 
Rusch, A., Chaplin-Kramer, R., Gardiner, M.M., et al., 2016. Agricultural landscape 
simplification reduces natural pest control: a quantitative synthesis. Agriculture, Ecosystems & 
Environment 221, 98-204. 
 
Saengyot, S., Burikam, I., 2012. Bionomics of the apefly, Spalgis epius (Lepidoptera: 
Lycaenidae), predatory on the papaya mealybug, Paracoccus marginatus (Hemiptera: 
Pseudococcidae) in Thailand. Songklanakarin Journal of Science and Technology 34, 1-7. 
 
Sartiami, D., Watson, G.W., Roff, M.N.M., Hanifah, M.Y., & AB, I., 2015. First record of 
cassava mealybug, Phenacoccus manihoti (Hemiptera: Pseudococcidae), in Malaysia. Zootaxa 
3957, 235-238. 
 
Sattayawong, C., Uraichuen, S., Suasa-ard, W., 2016. Larval preference and performance of the 




cassava mealybugs (Hemiptera: Pseudococcidae). Agriculture and Natural Resources 50, 460-
464.  
 
Schellhorn, N.A., Bianchi, F.J.J.A., Hsu, C.L., 2014. Movement of entomophagous arthropods in 
agricultural landscapes: links to pest suppression. Annual Review of Entomology 59, 559-581. 
 
Schellhorn, N.A., Gagic, V., Bommarco, R., 2015a. Time will tell: resource continuity bolsters 
ecosystem services. Trends in Ecology & Evolution 30, 524-530. 
 
Schellhorn, N.A., Parry, H.R., Macfadyen, S., Wang, Y., Zalucki, M.P., 2015b. Connecting 
scales: achieving in-field pest control from areawide and landscape ecology studies. Insect 
Science 22, 35-51.  
 
Schulthess, F., Baumgärtner, J.U., Delucchi, V., Gutierrez, A.P., 1991. The influence of the 
cassava mealybug, Phenacoccus manihoti Mat.‐Ferr. (Homoptera: Pseudococcidae) on yield 
formation of cassava, Manihot esculenta Crantz. Journal of Applied Entomology 111, 155-165. 
 
Segoli, M., 2016. Effects of habitat type and spatial scale on density dependent parasitism in 
Anagrus parasitoids of leafhopper eggs. Biological Control 92, 139-144.  
 
Segoli, M., Rosenheim, J.A., 2012. Should increasing the field size of monocultural crops be 
expected to exacerbate pest damage? Agriculture, Ecosystems & Environment 150, 38-44. 
 
Sullivan, D.J., Volkl, W., 1999. Hyperparasitism: multitrophic ecology and behavior. Annual 
Review of Entomology 44, 291-315.  
 
TTTA, 2011 Annual report. Thai Tapioca Trade Association, Bangkok.  
 
Tylianakis, J.M., Tscharntke, T., Lewis, O.T., 2007. Habitat modification alters the structure of 
tropical host–parasitoid food webs. Nature 445, 202–205. 
 
Urbaneja, A., Pascual-Ruiz, S., Pina, T., et al., 2008. Efficacy of five selected acaricides against 
Tetranychus urticae (Acari: Tetranychidae) and their side effects on relevant natural enemies 
occurring in citrus orchards. Pest Management Science 64(8), 834-842. 
 
Vasseur, C., Joannon, A., Aviron, S., Burel, F., Meynard, J.M., Baudry, J., 2013. The cropping 
systems mosaic: How does the hidden heterogeneity of agricultural landscapes drive arthropod 
populations? Agriculture, Ecosystems & Environment 166, 3-14. 
 
Veres, A., Petit, S., Conord, C., Lavigne, C., 2013. Does landscape composition affect pest 
abundance and their control by natural enemies? A review. Agriculture, Ecosystems and 
Environment 166, 110-117.  
 
Warner, K.D., Daane, K.M., Getz, C.M., Maurano, S.P., Calderon, S., Powers, K.A., 2011. The 
decline of public interest agricultural science and the dubious future of crop biological control in 





Winotai, A., Goergen, G., Tamo, M., Neuenschwander, P., 2010. Cassava mealybug has reached 
Asia. Biocontrol News and Information 31, 10N–11N. 
 
Wyckhuys, K.A.G., Burra, D.D., Tran, D.H., Graziosi, I., Walter, A.J., Nguyen, T.G., Trong, 
H.N.,  Le, B.V., Le, T.N.N., Fonte, S.J., 2017a. Soil fertility regulates invasive herbivore 
performance and top-down control in tropical agro-ecosystems of Southeast Asia. Agriculture, 
Ecosystems & Environment 249, 38–49.  
 
Wyckhuys, K.A.G., Graziosi, I., Burra, D.D., Walter, A.J., 2017b. Phytoplasma infection of a 
tropical root crop triggers bottom-up cascades by favoring generalist over specialist herbivores. 
PLoS ONE 12(8): e0182766. 
 
Wyckhuys, K.A.G., Rauf, A., Ketelaar, J., 2015. Parasitoids introduced into Indonesia: Part of a 
region-wide campaign to tackle emerging cassava pests and diseases. Biocontrol News and 
Information 35, 29N–38N.  
 
Yaninek, J.S., Onzo, A., Ojo, J.B., 1993. Continent-wide releases of neotropical phytoseiids 
against the exotic cassava green mite in Africa. Experimental and Applied Acarology 17, 145-
160. 
 
Yonow, T., Kriticos, D.J., Ota, N., 2017. The potential distribution of cassava mealybug 
(Phenacoccus manihoti), a threat to food security for the poor. PloS one, 12(3), e0173265. 
 
Yu, D.S.K., Van Achterberg, C., Horstmann, K. 2012. Taxapad 2012, Ichneumonoidea 2011. 
www taxapad com (accessed Database on Flashdrive on August 31, 2017). 
 
Zeddies, J., Schaab, R.P., Neuenschwander, P., Herren, H.R., 2001. Economics of biological 




Figure legends:  
 
Figure 1. Map of the Southeast Asia region depicting P. manihoti geographical distribution 
during 2014-2015 cropping seasons (e.g., Graziosi et al., 2016), and the delineation of the survey 
site.  
 
Figure 2. Bimonthly variations in P. manihoti incidence (A) and abundance (B), Anagyrus lopezi 
parasitism levels (C) and potential hyperparasitism levels (D), as recorded in 8 cassava fields of 
two different landscape types in Tay Ninh (Vietnam) during consecutive cropping seasons over 
2014-2015. Cassava age (or field age) is indicated as the number of months after planting, 
sampling time are included in parenthesis, and dry (D) or rainy (R) season periods are equally 
indicated. Data reflect the mean ± SE. 
 
Figure 3. Effect of cassava age on P. manihoti incidence (A) and abundance (B), and Anagyrus 
lopezi parasitism levels (C), as recorded in 8 cassava fields of two different landscape types in 
Tay Ninh (Vietnam) during consecutive cropping seasons over 2014-2015. Field age is 
expressed as the number of months after planting, and dry (D) or rainy (R) season periods are 
indicated. P value indicates effect of cassava age. Data reflect the mean ± SE. 
 
Figure 4. Cumulative mealybug days (average ± SE) in eight cassava fields over the 2014-15 
growing season, within distinct landscape contexts (i.e., high-diversity, low-diversity) in Tay 
Ninh province, southern Vietnam. 
 
Figure 5. Parasitism rates of P. manihoti on individual cassava tips sampled from fields in high-
diversity and low-diversity settings, two months after planting (early season; A), eight months 
after planting (late season; B) and across all sampling events (C). Mealybug densities are 
transformed using Log10 (x+1). Regression statistics are indicated in the text.  
 
Figure 6. Mean field-level parasitism in relation to P. manihoti density during early season 
(month #2), in high-diversity and low-diversity settings. Host density records reflect average 
densities on 20 randomly-collected tips per field, and are transformed using Log10 (x+1). 




























































































 Asia’s cassava mealybug populations are suppressed following A. lopezi introduction  
 Mealybug incidence, but not abundance, is highest in high-diversity settings  
 Parasitism is unaffected by landscape context 
 Hyperparasitism is enhanced in diverse settings at particular crop age 
 Parasitoid density dependency is more pronounced in low-diversity settings 
 
